Introduction {#Sec1}
============

Retinal degeneration diseases, such as retinitis pigmentosa and age-related macular degeneration, which are characterized by photoreceptor degeneration and death, often result in complete vision loss^[@CR1]^. Both bench and clinical trials showed that transplantation of stem cell is a promising therapy for treating the retinal dysfunction by replacing the damaged cells^[@CR2]--[@CR4]^. It has been demonstrated that extracellular signals, such as growth factors and neurotransmitters, could affect the proliferation, self-renewal, and differentiation of stem cells^[@CR5]^. In vivo study provided evidence that microenvironment inhibits proliferation of grafted stem cells^[@CR6]^. A lot of neurotransmitters, such as glutamine and γ-amino butyric acid (GABA), exist in the microenvironment of the retina; it is important to study the mechanisms for controlling the proliferation and self-renewal of the retinal progenitor cells (RPCs) by neurotransmitter^[@CR7],[@CR8]^.

GABA is one of the main inhibitory neurotransmitters in the central nervous system, including the retina^[@CR9],[@CR10]^. Besides neural information processing, GABA is involved in regulating neurogenesis^[@CR11],[@CR12]^, such as proliferation, differentiation, and migration of neural stem cells (NSCs)^[@CR13]--[@CR16]^. Song et al. have pointed out that GABA regulates hippocampal neurogenesis and neuronal development^[@CR17],[@CR18]^. Subsequently, Song et al. found GABA could directly affect NSCs, and decreased the number and proportion of proliferating NSCs in the dentate gyrus^[@CR19]^. Interestingly, they also showed local interneurons could regulate neurogenesis in the distal region through GABA signal pathway^[@CR12]^. Moreover, the role of GABA in stem cell regulation is not restricted to the hippocampus, it has been identified as a negative regulator of stem cell proliferation in a number of other contexts, including the embryonic stem cell and spermatogonial stem cells^[@CR20]--[@CR23]^. All these results indicated that GABA is an important niche factor to maintain stem cell pool homeostasis in vivo^[@CR11],[@CR24]^.

Although functional GABAa receptor has been identified in RPCs^[@CR25]^, it is not known whether GABA could regulate proliferation and self-renewal of RPCs. Identifying the mechanisms that underlie RPC proliferation and self-renewal will enhance our understanding of retinogenesis during embryonic development, and, more broadly, reveal stem cell biological principles extending to tissue regeneration. So, the aim of our present work is to address this issue and explore the molecular mechanism of GABA on RPCs proliferation and self-renewal.

Results {#Sec2}
=======

Characterization of primary cultured RPCs {#Sec3}
-----------------------------------------

Adult mice retina was digested into single cell and plated on the dish coated with gelatin. Only a few cells attached to the dish and grew in heterogeneous morphology. After 3 passages, we seeded 500 of the cell on the ⌀150 mm dish. Most of these cells lost their proliferative ability after passage. Ten days later, only several spindle-shaped small cells could form homogeneous clones in the dish (Fig. [1a](#Fig1){ref-type="fig"}). We picked up 5 clones from each dish with a small filter paper with enzyme. Then the cells were amplified singly, cells from each clone could proliferate stably with homogeneous morphology. These cells can be cultured in vitro for at least 5 months (over passage 35), passaged every 3--5 days. We repeated three times and got 15 clones of the retinal stem-like cells. Immunostaining showed that the retinal stem-like cells expressed the RPCs marker, Nestin, Pax6, Sox2, Chx10, and Rax (Fig. [1a](#Fig1){ref-type="fig"}). Then, we compared the expression of these stem cell markers with embryonic 18.5 mouse retina. Real-time PCR analysis showed there is no obvious difference of the Nestin, Pax6, Sox2, Chx10, and Rax between the two samples. The RPCs could be differentiated to photoreceptor cells, ganglion cells, bipolar cells, and Muller glial cells (Fig. [1h](#Fig1){ref-type="fig"}).Fig. 1RPCs were isolated from adult retina.**a** Phase-contrast imaging of a representative RPC clone from single cell. **b**--**f** Cells express high levels of RPC markers, Nestin (**b**); Pax6 (**c**); Sox2 (**d**); Chx10 (**e**); Rax (**f**). **g** Cells express mRNA transcripts of RPC markers: Nestin, Pax6, Sox2, Chx10, and Rax. mRNA expression levels were compared between RPCs and E18.5 retina tissue by real-time quantitative RT-PCR analysis and GAPDH was used as an internal control. **h** Representative images of immunostaining for recoverin, PKCa, β-III-Tubulin, and GFAP. (\**p* \< 0.05 vs control, *n* = 3)

GABA inhibits proliferation of RPCs, not affects cell survival {#Sec4}
--------------------------------------------------------------

GABA or the GABAaR-specific agonist muscimol (data not shown) evoked an inward current in whole-cell voltage-clamp recordings of RPCs (*n* = 15) and the current was attenuated significantly by the GABAaR-specific antagonist bicuculline (100 µM) (Fig. [2a](#Fig2){ref-type="fig"}). Subsequently, we tested if the activation of GABA signaling pathway affects the proliferation of RPCs. Application of 50, 100, or 200 µM GABA obviously decreased the proliferation of RPCs compared with control (Fig. [2b](#Fig2){ref-type="fig"}). Subsequently, we applied 100 µM GABA to assay the expression of cell division marker Ki67. We observed that the percentage of Ki67-positive cells in the GABA treatment group was significantly lower than the control group (Fig. [2c--e](#Fig2){ref-type="fig"}). We then tested whether the decrease in cell number was due to differences in apoptosis or in proliferative rates. Percentage of viable cells was analyzed by the trypan blue exclusion assay, and GABA treatment did not affect RPCs viability (Fig. [2f](#Fig2){ref-type="fig"}). Additionally, the flow cytometry data of apoptosis showed almost no apoptotic cells in either GABA treatment or control group (Fig. [2g](#Fig2){ref-type="fig"}).Fig. 2Effects of GABA stimulation on the proliferation and viability of RPCs.**a** Electrophysiological recording of GABA stimulating evoked inward currents in RPCs in voltage clamp mode, and abolished by GABAaR antagonist bicuculline. **b** Different concentration of GABA treatment suppressed the proliferation curve of RPCs. **c**--**e** Expression of Ki67 after a 48-h treatment of 100 µM GABA stimulation. Immunostaining images showed the downregulated expression of Ki67 in RPCs after treatment with GABA (**c**); flow cytometry graph of apoptosis after GABA treatment (**d**); histogram chart showing the expression of Ki67 after GABA stimulation (**e**). **f**, **g** Histogram showing that GABA stimulation did not affect the viability (**f**) and apoptosis ratio (**g**) of RPCs. (\**p* \< 0.05 vs control, *n* = 3)

GABA treatment causes G1 phase accumulation and S phase reduction {#Sec5}
-----------------------------------------------------------------

The cell cycle distribution of RPCs after GABA treatment is summarized in Fig. [3](#Fig3){ref-type="fig"}. Application of 100 µM GABA resulted in a significant decrease in the proportion of cells in S phase and increase of cells in G~0~/G~1~ phase. The percentage of cells in G~0~/G~1~ phase in the control group was 38.57 ± 4%, GABA increased the percentage to 52.69 ± 5% (*p* \< 0.05 vs control). In addition, the proportion of cells in S phase decreased from 48.56 ± 3% in control to 33.4 ± 4% in GABA treatment group (*p* \< 0.05 vs control) (Fig. [3](#Fig3){ref-type="fig"}).Fig. 3Effect of GABA stimulation on the cell cycle distribution of RPCs.GABA increased the percentage of cells in G~0~/G~1~ phase and decreased the percentage of cells in S phase. (\**p* \< 0.05 vs control, *n* = 3)

GABA inhibits self-renewal of RPCs {#Sec6}
----------------------------------

To investigate the role of GABA signaling in regulating self-renewal of RPCs, we performed neurosphere assay. The volume of neurosphere from GABA treatment group was significantly smaller than the control. The average diameter of the GABA treatment was 129 µm, and the control group neurosphere was 264 µm (Fig. [4a--c](#Fig4){ref-type="fig"}). Neurosphere size is a rough parameter for self-renewal potential of RPCs. The growth curve of the neurosphere from multiple generations is a more accurate parameter for the self-renewal capabilities of the RPCs. Subsequently, we performed sphere-forming assay by analyzing the percentage of the cells that formed neurosphere at each consecutive passage. The percentage of the sphere-forming cells was 2.7-fold decreased in the GABA treatment group compared with the control group at passages 1 and 2, respectively (Fig. [4d](#Fig4){ref-type="fig"}). The real-time PCR results showed after GABA treatment, the Nestin, Pax6, Chx10, and Sox2 gene expression level, was significantly down-regulated (Fig. [4e](#Fig4){ref-type="fig"}), which might be the cause of inhibited self-renewal. These findings demonstrate an obvious inhibition effect of GABA signaling pathway in modulating self-renewal of the RPCs.Fig. 4The self-renewal ability of retinal progenitor cells was inhibited by GABA treatment.**a**, **b** Sample images of control and GABA treatment group neurosphere. **c** The diameter of primary neurosphere generated from GABA group is significantly smaller than the control. **d** The self-renewal ability of retinal progenitor cells culture with or without GABA treatment assessed by secondary and tertiary neurosphere formation. **e** Real-time quantitative PCR analysis of the Nestin, Pax6, Sox2, Chx10, and Rax gene expression level of retinal progenitor cell after GABA treatment. (\**p* \< 0.05 vs control, *n* = 3)

GABA inhibits proliferation and self-renewal of RPCs through inducing p21 and p27 {#Sec7}
---------------------------------------------------------------------------------

The results above showed that GABA could substantially prevent the proliferation and self-renewal of RPCs. Next, we explored the change of molecular signal involving in cell cycle in RPCs. We detected the expression level of p27^Kip1^ and p21^CIP1^, which are two members of the Kip/CIP family known to regulate cell proliferation and terminal differentiation in a variety of cell types. The Western-blot results showed when treated with GABA, the p27^Kip1^ and p21^CIP1^ levels were significantly up-regulated. We also assayed the expression level of p53 after GABA treatment, and found the up-regulation of phosphorylated p53, while the total p53 has no obvious change (Fig. [5](#Fig5){ref-type="fig"}).Fig. 5Effect of GABA stimulation on the cell cycle regulator of retinal progenitor cells.**a**--**c** Western-blot analysis of the p21, p27, p53 protein expression level of retinal progenitor cell in control and GABA treatment groups independently. The gels in this experiment were run under the same experimental conditions. **d**--**f** Histogram chart showing the expression of p21, p27, p53 and p53 phosphorylation after GABA stimulation. (\**p* \< 0.05 vs control, *n* = 3)

Discussion {#Sec8}
==========

The present work illustrates that GABA signaling could affect proliferation and self-renewal of RPCs. Furthermore, the activation of GABAa receptor could modify the p21, p27 and Nestin, Pax6, Sox2, Chx10 level, and lead to the inhibition of proliferation and self-renewal of RPCs.

Stem cell-based cell therapy is promising for the retinal degeneration disease. Illustrating the mechanisms involved in RPCs proliferation and self-renewal will boost stem cell-based therapies for retinal degenerative diseases toward the clinic. Self-renewal or differentiation of RPCs is controlled by certain circumstances, or niches^[@CR26]^. GABA signaling represents one niche mechanism that regulates adult neurogenesis^[@CR12],[@CR19]^. GABA has been shown to decrease the proliferation of other stem cells and progenitors in vitro, including mouse embryonic stem cells and spermatogonial stem cells^[@CR20]--[@CR23]^. Moreover, one study has found GABA treatment could induce beta-like cell of islet neogenesis from duct precursor cells^[@CR27]^.

The previous study has identified GABAa receptor in RPCs isolated from ciliary body margin, however, the cell isolation and culture is different, and whether GABA could affect the self-renewal or differentiation is not fully illustrated. In our work, we have isolated the RPCs from the adult mouse neural retina tissues (not from ciliary body margin) and keep the self-renewal and multipotency in long time culture. Furthermore, we found the activation of GABAa receptor could affect the proliferation and self-renewal of RPCs in vitro. In our further work, we need to investigate the regulation of GABA on the RPCs in vivo both in normal and pathological conditions. Furthermore, we will explore whether the RPCs proliferation and self-renewal could be inhibited by GABA after transplant in the retina in vivo, and explore if the repair efficiency could be enhanced by block GABAa receptor of RPCs before transplant.

One highly conserved signal that controls cell development in both neural and peripheral stem cell niches is the neurotransmitter GABA acting through GABAa receptors^[@CR28],[@CR29]^. A few groups have undertaken the task of exploring the role of GABA in mediating both developmental and adult neurogenesis^[@CR11],[@CR12],[@CR18],[@CR30]^. The inhibitory neurotransmitter GABA had previously been suggested to regulate several aspects of hippocampal neurogenesis^[@CR17]^. Song et al. found GABA could directly affect NSCs in both local and distance regions^[@CR12],[@CR19]^. The previous study has demonstrated that GABA inhibits proliferation of stem cells by means of GABAaR, the phosphatidylinositol-3-OH kinase (PI~3~K)-related kinase family and the histone variant H2AX^[@CR20],[@CR31]^. In our work, we observed the inward current of RPCs induced by GABA treatment, the current caused the membrane depolarization (data not shown). In our previous work, the depolarization of NSCs led to the inhibition of proliferation^[@CR32]^.

Therefore, our data has demonstrated that GABA could affect RPCs proliferation and self-renewal. Further, to depict the mechanism underlying growth inhibition, we examined possible changes in the expression levels of cell cycle regulators and found that GABA could up-regulate the p21, p27 and down-regulate Sox2 expression, which leads to the proliferation and self-renewal inhibition. The pluripotency factor Sox2 is an established regulator of neural and retinal precursor proliferation, self-renewal, and differentiation during development and is also required for maintenance of adult stem cell populations in many different tissues^[@CR33]--[@CR35]^. One recent study has identified that p21 acts as a transcriptional repressor of Sox2 in NSCs, p21 binds a Sox2 enhancer region to regulate Sox2 expression and adult neurogenesis, linking cell-cycle regulation with Sox2-mediated control of NSC expansion^[@CR36]^.

Taken together, illustrating how the microenvironment affect the fate of RPCs helps us to explore new signaling pathway involved in the self-renewal and differentiation and develop a new strategy to improve the repair result after cell transplant into the degeneration retina.

Materials and methods {#Sec9}
=====================

Isolation of RPCs and culture {#Sec10}
-----------------------------

Adult C57BL/6 mice of 1.5-months old were obtained from Beijing Vital River Laboratory Animal Technology Co., Ltd. Experimental procedures were approved by the Animal Care Committee of Huazhong University of Science and Technology and all experiments were performed in accordance with the relevant guidelines and regulations of Huazhong University of Science and Technology. Eyes were collected from as previously described with modification^[@CR37]^. The retina was cut into small pieces, then enzymatically digested with collagenase I (10 mg/ml) and collagenase II (25 mg/ml) (Sigma, USA) for 10 min, centrifuged and discarded the supernatant, then re-suspended in culture medium for RPCs, which consisted DMEM/F12 medium (Lonza, USA) supplemented with murine basic fibroblast growth factor (bFGF, 20 ng/ml, PeproTech, USA), murine epidermal growth factor (EGF, 20 ng/ml, PeproTech, USA), B27 (1:50, Gibco, USA), N2 (1:100, Gibco, USA), insulin/transferrin/sodium selenite (1:500, Lonza, USA). Every 2 days, 2/3 medium was replaced by fresh medium. After 2 weeks of primary culture, very few spindle-shaped cells were observed, these cells expanded and formed colonies in the following 1--2 weeks. After the formation of this type of colony, Accutase (Sigma, USA) was used to digest these cells and they were further passaged, identified, and expanded. Cell differentiation assays were performed as previously described^[@CR37]^.

Immunostaining of cultured RPCs {#Sec11}
-------------------------------

Immunostaining of cultured cell was performed as described previously^[@CR32]^. In general, RPCs were fixed with 4% formaldehyde (Sigma, USA) in PBS for 10 min at room temperature. After blocking with 10% goat serum, the cells were stained for 1 h at room temperature with one of the following primary antibodies: mouse anti-Nestin (1:400, Cat. Number: ab6142), mouse anti-Pax6 (1:500, Cat. Number: ab78545), mouse anti-Sox2 (1:300, Cat. Number: ab79351), rabbit anti-Chx10 (1:400, Cat. Number: ab133636), rabbit anti-Rax (1:300, Cat. Number: ab23340), mouse anti-Ki67 (1:400, Cat. Number: ab8191) (all primary anti-bodies purchased from Abcam, USA). The cells were then rinsed three times with PBS and incubated for 1 h at room temperature with the corresponding goat secondary antibody. Negative control for each fluorophore-conjugated secondary antibody, carried out without the addition of primary antibody, were included in order to evaluate nonspecific binding of secondary antibodies. After immunostaining, cells were counterstained with DAPI nuclear stain. All images were collected by a laser scanning spectral confocal microscope system (Leica, Germany).

Real-time PCR {#Sec12}
-------------

mRNA was extracted from RPCs and fetal mice retina with the Tryzol on the ice (Invitrogen, USA). First-strand cDNA synthesis was performed using a kit of cDNA synthesis (Invitrogen, USA). The transcript expression of each gene in RPCs was determined by normalizing to the (glyceraldehyde-3-phosphate dehydrogenase) GAPDH mRNA level. Real-time-PCR was performed using SYBR Green Master Mix (Bio-Rad, USA) with a Bio-Rad system (Bio-Rad, USA). The primers corresponding to the examined genes are as follows: Nestin: F 5′-CCTCAACCCTCACCACT CTATTTT-3′; R 5′-GCTTTTTACTGTCCCCGAGTT CTC-3′; Sox2: F 5′-TAGAG CTAGACTCCGGGCGAT GA-3′; R 5′-TTGCCTTAAACAAGACCACGAAA-3′; Pax6: F 5′-CACCACACCTGTCTCCTCCT-3′; R 5′-ATAACTCCGCCCATTCACT G-3′; Chx10: F 5′-GCCCACCTTCTTGGAAGTGCT-3′; R 5′-TGTGTCGCCGC TTCTTACGC-3′; Rax: F 5′-CCCTGAGGCTAAACTTGCAG-3′; R 5′-GTTCCCT TCTCCTCCTCCAC-3′; GAPDH: F 5′-ACGGCCGCATCTTCTTGTGCA-3′; R 5′-CAAGTG GGCCCCGGCCTTCTC-3′.

Cell proliferation assay {#Sec13}
------------------------

To assess the cell growth curve, 50,000 cells were seeded in 35 mm dish coated with 0.1% gelatin (Sigma, USA). The cell number in each dish was counted with Coulter Counter (Beckman Coulter, USA) on days 3, 6, and 9. Cells treated without GABA were used as controls. The cell growth curve was calculated. Quantities of viable and nonviable cells were identified using the trypan blue exclusion assay.

Flow cytometry for cell cycle analysis and apoptosis assay {#Sec14}
----------------------------------------------------------

RPCs were trypsinized and fixed by 70% ice-cold ethanol. RNase A (25 mg/ml) was used to treat cells for 30 min at 37 °C to eliminate RNA. Cells were stained with 50 mg/ml propidium iodide (PI) for 10 min at room temperature load to FACS Calibur flow cytometer (BD Biosciences, USA) to analysis of cell cycle. Data acquisition was performed using CellQuest software (BD Biosciences, USA), and the percentage of cells in the G~0~/G~1~, S, and G~2~/M phases was calculated using the Modfit. For apoptosis assay, cells were stained and analyzed with PI- and APC-conjugated Annexin V using an APC Annexin V Apoptosis kit (BD Biosciences, USA) according to the manufacturer's protocol.

Sphere formation {#Sec15}
----------------

Neurosphere self-renewal assays were performed. Briefly, dissociated cells were plated at 1 viable cell per μl (1000 cells per well) in culture medium onto Ultra-Low attachment 6-well plate. Fresh medium was added to the culture dishes every other day. The total number of spheres that formed in each well was counted after a 7-day in vitro culture. Only phase bright live spheres containing at least 10 cells were counted. GABA was added to the medium, while the normal culture medium was set as control.

Whole-cell patch-clamp recording {#Sec16}
--------------------------------

Glass coverslips plated with RPCs were transferred to a chamber containing the external solution (in mM: 125.0 NaCl, 2.5 KCl, 1.3 KH~2~PO~4~, 1.3 MgSO~4~, 25.0 NaHCO~3~, 2 CaCl~2~, 1.3 sodium L-ascorbate, 0.6 sodium pyruvate, 10 dextrose, pH 7.4, 320 mOsm), bubbled with 95% O~2~/5% CO~2~. Electrophysiological recordings were obtained at room temperature. RPCs were visualized by DIC microscopy. Microelectrodes (4--6 MΩ) were pulled from borosilicate glass capillaries and filled with the internal solution containing (in mM): 135 CsCl gluconate, 15 KCl, 4 MgCl~2~, 0.1 EGTA, 10.0 HEPES, 4 ATP magnesium salt, 0.3 GTP sodium salt, 7 phosphocreatine, pH 7.4, 300 mOsm. Data was collected using an Axon 200B amplifier and acquired with a DigiData 1322A (Axon Instruments) at 10 kHz. For measuring GABA-induced responses from RPCs, focal pressure ejection of 200 mM GABA or muscimol through a puffer pipette controlled by a Picospritze (2 s puff at 3--5 psi) was used to activate GABA~a~Rs under the whole-cell voltage-clamp. All drugs were purchased from Sigma except bicuculline (100 μM; Tocris, UK).

Western-blot {#Sec17}
------------

For western blot analysis, proteins were separated in a 12% SDS-polyacrylamide gel. After electrophoresis, the gel was transferred onto PVDF membranes (Millipore, USA) and blocked for 3 h at 37 °C with 5% non-fat milk in Tris-buffered saline containing 0.1% Tween-20 (TBST). Primary antibodies were incubated at 4 °C overnight. Primary antibodies were used at the following dilutions: anti-p27 (Abcam, USA) at 1:2000, anti-p21 (Abcam, USA) at 1:2000, anti-p53 (Abcam, USA) and anti-phosphorylation of p53 at 1:2000, and anti-GAPDH (Abcam, USA) at 1:10,000. After primary antibody probing, membranes were washed in TBST, and incubated with HRP-conjugated secondary antibody (Dako, Denmark) at 1:5000 for 60 min at room temperature. After further washing, protein expression was detected by enhanced chemiluminescent (ECL) substrate (Pierce, Thermo Fisher Scientific, USA) and protein bands were visualized by film exposure. GAPDH was used as an internal control. The immunoreactive density was analyzed by Quantity One (Bio-Rad, USA).

Statistical analyses {#Sec18}
--------------------

All quantitative values are presented as the mean ± SEM. Statistical comparisons were made using the unpaired Student's *t* test with SPSS (version 15) software when appropriate. *p* \< 0.05 was considered to be statistically significant.
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